Since the advent of industrialization, a range of anthropogenic activities have led to an 50 abundance of contaminants in the environment. As of now, at least 127,000 51 contaminated sites have been identified in Europe and more than 342,000 sites have 52 been extrapolated to be polluted in the whole continent (Panagos et al., 2013) . 53
Groundwater contamination may occur from various point sources due to accidental 54 spills, landfills, oil pipelines and land misuse, or from widespread application of 55 contaminants due to agriculture and sewage treatments (Brandon, 2013; Meckenstock 56 et al., 2015) . Groundwater contamination not only leads to the depletion of pristine fresh 57 water reserves, but also impacts the total environment and poses serious risks to 58 human health (Danielopol et al., 2003) . The management and remediation of 59 contaminated sites in Europe is thought to cost around 6 billion Euros annually and 60 bioremediation strategies have gained wide interest as an environmentally friendly and 61 cost-effective way to remediate groundwater and sediment (Majone et al., 2015; 62 Panagos et al., 2013) . 63 64 Bioremediation strategies are based on the exploitation of the extensive metabolic 65 versatility of microbes, particularly bacteria, to clean-up environmental contaminants that 66 function as nutrient or energy sources for bacterial cells (Aracic et al., 2015) . Different 67 strategies of bioremediation exist. Particularly, metagenomic-based bioremediation 68 approaches provide a comprehensive and detailed knowledge of endemic uncultured 69 bacterial populations and allow scientists to describe, exploit and monitor the local 70 biodegradative capacity of the local microbial communities (Devarapalli and Kumavath, 71 2015) . 72
73
In 2015, Meckenstock et al. suggested that bacteriophages, i. e. viruses that infect 74 bacteria, may play important roles in bioremediation processes. Bacteriophages (or 75 4 simply, phages) are the most abundant and ubiquitous biological entities known to 76 mankind, with an excess of 1e31 viral-like particles (VLPs) estimated to exist globally 77 (Clokie et al., 2011; Rohwer et al., 2009) . A constant ratio of 3-10 VLPs per bacterium 78 has been found in aquatic ecosystems (Wommack and Colwell, 2000) . Bacteriophages 79 require obligatory host infection to complete their life cycles (Clokie et al., 2011) and, 80 due to this, dynamic interactions between phages and bacteria are observable in nature, 81 often determining the success of distinct bacterial populations within complex 82 communities of microbes (Clokie et al., 2011) . Viral-bacterial interactions can range from 83 predatory to mutualistic (Weinbauer and Rassoulzadegan, 2004) . During lytic infections, 84 phages keep in check the dominant bacteria, allowing the co-existence of other bacterial 85 species, (known as the "kill-the-winner" hypothesis) and contributing to the Earth's 86 carbon cycling by the release of organic matter from lysed cells (also known as viral 87 shunt) (Rohwer et al., 2009; Weinbauer and Rassoulzadegan, 2004) . Phages have also 88 been described as important for genetic diversity by mediating the horizontal transfer of 89 genes within microbial communities through generalized and specialized transduction 90 (Canchaya et al., 2003) . Moreover, the occurrence of auxiliary metabolic genes within 91 phage genomes can reprogram the metabolism of bacterial cells and increase the 92 fitness of bacterial populations (Breitbart, 2012) . This may lead to the reshaping and 93 diversification of prokaryotic degrader communities and, thus, influence in situ 94 biodegradation rates (Meckenstock et al., 2015) . 95
96
Up till now, only few studies have been published on viruses of groundwater (Eydal and 97 Jägevall, 2009; Kyle and Eydal, 2008; Pan et al., 2017; Smith et al., 2013) and, to our 98 knowledge, no metagenomic study of viral diversity in this environment has been 99 reported. Moreover, there have only been limited studies of viral diversity and viral roles 100 in polluted waters (Marie and Lin, 2017; O'Brien et al., 2017) . 101 102 5 Here, we present a metagenomic characterization of viral communities around a 103 contaminated groundwater plume, and study the dynamics of their interactions with local 104 populations of bacteria. A year-long metagenomic study was carried out at an old 105 gasworks site in Northern Ireland. The site suffers from typical hydrocarbon pollution 106 and has a heterogeneous contaminant distribution. Bacterial and viral community 107 structures and bacteriophage host populations were characterized at different locations 108 at the site during the sampling period. The impact of our findings on natural attenuation 109 and design of bioremediation strategies was hypothesized. The gasworks site studied here operated for 163 years in an urban area 116 of Northern Ireland and has undergone remediation by excavation over several 117 phases during the mid-1990s. Its land has been repurposed since. Permit to access 118 and sample the site was given by the local council. Six sampling stations were 119 selected and their groundwater chemistry is in Supplementary Data A. Three of the 120 sampling stations selected had access to hydrocarbon-contaminated groundwater 121 ("C") and three of the sampling stations had access to groundwater showing no 122 previous traces of hydrocarbon contamination. Samples from these stations were 123 hereby referred to as non-contaminated groundwater samples ("NC"). 124
125
Over one year (May 2016-May 2017), groundwater was collected every three months 126 from two sampling stations (C1 and NC1) in order to characterize temporal changes 127 within complex communities of microbes at the site. During this period, additional 128 groundwater sampling was done at other stations at the site in order to evaluate 129 spatial variations of bacterial and viral community structures and interactions. The 130 6 location of the sampling stations used in this study and the timeline of sampling is 131 presented in Figure 1 . OTUs were used for estimation of sample diversity. Sample diversity analysis and 202 sample cluster analysis were performed using the vegan v2.5-2 R package (Oksanen 203 et al., 2018) . Bray-Curtis as was used as dissimilarity method. 204 205 Viral community diversity analysis. Virome shotgun reads were trimmed and 206 quality filtered at the sequencing facility using Cutadapt (Martin, 2011) and Sickle 207 v1.200 (Joshi and Fass, 2011) . Read pairs were quality controlled using FastQC 208 (Andrews, 2010) and merged using PEAR v0.9.8 (p-value = 0.01, min. overlap size = 209 10 bp, min length = 50 bp. Q = 33) (Zhang et al., 2014) . Processed reads were 210 assembled into contigs using metaSPAdes (SPAdes v3.9.0; k-mer sizes = 21, 33, 211 55,77 bp) (Nurk et al., 2017) . Metagenome assemblies were quality assessed using 212
MetaQUAST (Mikheenko et al., 2016) . Identification of ORFs in contigs was done 213 10 BGs/BCs using BLASTn (perc_identity = 80, hits ≥ 1,000 nucleotides considered). 242
BLASTn parameters used were based on parameters by Arkhipova et al. (2018 ), 243 Paez-Espino et al. (2016 and Coutinho et al. (2017) . Only the best BLAST hit was 244 considered and collapsing of multiple CRISPR spacer, tRNA and BG hits per viral-245 bacterial assignment was performed. Taxonomic classification of hits obtained by (A), 246 (B) and (C) was retrieved from NCBI using the taxonomizr v0.2.2 R package (Sherrill-247 Mix, 2017) . Results of (D) were used to quantify and describe bacteriophage host 248 population structures within sampled groundwater communities. Results of (A) and 249 (C) were used to describe specific viral-bacterial interactions and investigate the 250 occurrence of viral generalists in sequenced viromes. Viral-bacterial interactions 251 were visualized using Cytoscape (Shannon et al., 2003) . Representative viral 252 generalists across samples were identified using cd-hit v4.6 (sequence identity 253 threshold = 0.98, word_length = 11) (Li and Godzik, 2006) . Only one duplicate contig 254 was removed. The putative circularization of contigs of viral generalists was 255 evaluated using VICA (Crits-Christoph, 2015) . Closest relatives to viral generalists respectively. At the C2 sampling station high values of PAHs and BTEX were 285 registered in September 2015 (e.g. 17,000 µg/mL total aromatic hydrocarbon 286 compounds), however no EDC was found. Like C1, groundwater sampled at C2 also 287 registered an alkaline pH (8.4). PAHs and BTEX were found in groundwater of the 288 C3 station in September 2016. Here, concentrations were lower than those at C2 and 289 lower/comparable to those at C1 (e.g. 390 µg/mL total aromatic hydrocarbon 290 compounds), due to C3's upstream location in relation to the centre of the 291 contaminant plume. The pH at C3 was registered at 6.85 and this value was closer to 292 values registered for stations where no hydrocarbon groundwater contamination was 293 found (6.96-7.23 for NC1, NC2 and NC3). Groundwater from the NC1 station was 294 sampled twice by the local council and both in September 2015 and September 2016 295 no groundwater contamination was found. The pH at NC1 did not vary greatly (6.96 296 in September 2015 and 7.28 in September 2016). Other variations occurred 297 12 however, such as changes in groundwater redox potential, levels of dissolved oxygen 298 and concentration of sodium ions (Supplementary Data A). 299 300 3.2 Bacterial and Viral Community Diversities 301 302
Bacterial Communities 303 304
To study the bacterial diversity found at the gasworks site, amplicons of the 16S 305 rRNA gene were generated and sequenced. A total of 1,107,323 amplicons with an 306 average size ranging 475-504 bp per sample were obtained. Upon 16S amplicon 307 data processing and OTU picking, 744,126 counts were assigned taxonomy and 308 23,573 OTUs were found. Amplicon counts ranged from 27,161 to 84,400 across 309 samples and normalization by least sequencing depth was done. A total of 21297 310
OTUs were retained in the BIOM table (≈ 90%) and core diversity analysis was 311 performed. 312
313
Principle coordinate analysis of OTUs showed that bacterial communities sampled 314 from C1 and NC1 sampling stations clustered closely together while bacterial 315 communities sampled from other stations across the site were placed further apart in 316 the graph (Figure 2A ). This suggested that groundwater bacterial community 317 variation was greater across areas of the site than over time at the same sampling 318 location. The C2 bacterial community was the one that most resembled the C1 319 sample group whilst NC3, NC2 and C3 bacterial communities most resembled those 320 of the NC1 sample group. The variance was primarily explained by the x-axis (43%), 321 likely relating to contaminant presence and pH variation. Only a small variance was 322 observed in the y-axis (13%). C3, NC1, NC2 and NC3 samples had the most diverse 323 bacterial communities (Shannon index H' = 6.62-7.21) when compared to C1 and C2 324 samples (H' = 3.84-5.22) ( Supplementary Table B .1). Particularly, the bacterial The effect of pH as a critical influencer of microbial communities is well-established 343 (Cho et al., 2016; Fierer and Jackson, 2006; Hartman et al., 2008; Lauber et al., 344 2009 ) and alkaline solutions were commonly used many decades ago in 345 manufacturing gas plants ( Thomas and Brinckerhoff, 2014) . Foul lime, a rock solid 346 material of high pH, is also commonly excavated from old gasworks sites (Thomas 347 and Brinckerhoff, 2014) . We hypothesize here that pH was likely to be the most 348 important factor of bacterial community diversity in our site of study. This would 349 explain why C3 bacterial communities were closer related to those of non-350 contaminated samples despite previous observations of PAH and BTEX 351 contamination at this location. Furthermore, it would explain why the C1 sample 352 group encompassed the most isolated group of samples in the PCoA (Figure 2A) Here, we found that viral diversity dissimilarities were consistent with bacterial 369 diversity variations observed earlier ( Figure 2B ). Again here, the C2 viral community 370 most resembled that of C1, and C3, whereas NC2 and NC3 most resembled viral 371 communities of the NC1 sample group, with NC3 found to be highly similar to NC1 372 samples of May 2016, August 2016 and May 2017. NC1 samples from November 373 2016 were located further away from other NC1 samples on the y-axis of the graph 374 (7.4%). Nonetheless, the majority of the variance was explained by the x-axis 375 (67.4%). The dissimilarity of the viral community of C1 August 2016 from other C1 376 sample groups was visible along the x-axis. It has been previously shown that, next 377 to temperature and nutrient availability, microbial diversity is the most important 378 driver of viral abundance and production in ocean waters, as changes in the 379 availability of hosts affects viruses that can survive in specific environments (Rowe et 380 al., 2012) . Overall, our results suggest that viral diversity found here mirrored the 381 15 bacterial diversity found in groundwater, shaped by groundwater chemistry. Virotype 382 diversity showed similar diversity metrics across samples (R = 689-813, E = 0.90-383 0.92, H' = 5.91-6.08) ( Supplementary Table B .2). The highly similar evenness of 384 virotypes at the site pointed out a low dominance of (previously-sequenced) viruses 385 within the sampled microbial communities. (Supplementary Figure B.1) . In NC1, NC2, NC3 and C3 samples, 394
Proteobacteria was the most abundant phyla throughout, representing 25-36% of 395 assigned bacterial communities. Other abundant phyla at these stations included, for 396 example, OD1 (2.2-9.1% in NC1), GN02 (6.5-21% in NC1, 13.7% in NC2, 11.2% in 397 C3), Actinobacteria (5.3-11.3% in C1), Acidobacteria (18.2% in NC3), Chloroflexi 398 (9.9% in NC3) and OP3 (14.6% in C3). In C1 groundwater communities, the most 399 abundant phyla found was Bacteriodetes, representing up to 40% for majority of most 400 sampled time points. In C1 Aug 2016 however, this was not the case. Instead, 401
Proteobacteria represented 65.9% of the bacterial community. This was reflected in 402 the dissimilarity of C1 Aug 2016 when compared to other C1 samples. Other 403 abundant phyla at the C1 sampling station included Firmicutes (7.1-18.0%) and 404 Chloroflexi (0.5-10.7%). The C2 bacterial community was most composed by a mix of 405
Bacteriodetes (36.4%) and Proteobacteria (30.9%). This supported its location in the 406
PCoA of Figure 2A . The Actinobacterial order iii1-15 was particularly abundant in NC1 Feb 2017 (7.68%), 419 NC1 May 17 (5.04%), NC2 (3.43%) and NC3 (12.81%) bacterial communities. 420
Rhodospirillaceae was most abundant in NC1 (3.47-22.54%), NC2 (3.30%) and in 421
NC3
(10.35%) bacterial communities.
Anaerolineaceae and 422
Thermoanaerobacteraceae families were most abundant in C1 (6.36-12.54% and 423 2.25-4.51%, respectively), and Caulobacteraceae and Comamonadaceae were most 424 abundant in C2 (7.51% and 9.30%, respectively). 425
426
Tight ecological niches may oxidize organic pollutants to carbon dioxide by 427 conducting aerobic respiration, denitrification and sulfate reduction at contaminant 428 plume fringes, or by conducting iron and manganese reduction, and methanogenesis 429 at the plume core (Meckenstock et al., 2015) . Amongst the most abundant bacterial 430 families at the site, some were associated with both hydrocarbon degradation and 431 aforementioned processes. Anaerolineaceae has been described associated with 432 methanogenesis and sulfate-reduction (Kümmel et al., 2015; Liang et al., 2015) , and Syntrophaceae was found particularly abundant in C3 (7.71%) and NC2 (3.86%) 467
communities. 468
469
A number of members of uncultured phyla were found abundant in sampled bacterial 470 communities (Figure 3 ). These include members of candidate phyla GN02, OD1, 471 OP3, OP11, TM6 and TM7. For example, the GKS2-174 class of GN02 was found 472 highly abundant in C3 (10.83%), NC1 (4.36-19.48%), NC2 (13.14%) and NC3 473 sample communities (3.89%), and the TM7-3 class was most abundant in NC1 474 sample group (1.08-6.48%). Overall, 'NC' and C3 bacterial communities either 475 presented similar or larger values for members of these phyla when compared to C1 476 and C2 communities. Some of these members have been associated with microbial 477 denitrification, particularly OD1 classes ABY1 and ZB2, GN02, and koll11 class of represented 13-15% and 1-2% of sequences, respectively ( Supplementary Figure  518 B.2). For remaining sequences, 3% were assigned to unclassified dsDNA phages, 519 20 ≈ 1% to unclassified dsDNA viruses, 1-2% to unclassified bacterial viruses, and 4-5% 520 remained unassigned at viral level. A small portion aligned to Mimiviridae (0.43-521 0.94%), Phycodnaviridae (1.16-2.49%) and others (0.42-0.76%). Some hits against 522 ssDNA viruses (≤ 0.01%) were observed, despite exclusion of ssDNA viruses during 523 metagenomic library preparation. 524
525
The diversity analysis of viruses with genera assigned revealed T4virus and 526
Lambdavirus to be highly abundant across all samples (1.10-1.92% and 1.14-1.80%, 527 respectively) ( Figure 4A ). T4virus were particularly abundant in C3 and 'NC' samples 528
while Lambdavirus was particularly abundant in C1 and C2 samples. Pamxvirus were 529 very abundant in C2 (1.68%) and Chlorovirus, predators of microscopic algae, were 530 particularly enriched in NC3 (1.51%). Bcep22virus were most abundant in NC2 531
(1.00%) and NC1 samples (1.23-1.68%), and Bpp1virus widely abundant in 'NC' 532 samples (1.16-1.68%), C2 (1.05%) and C3 (1.57%). Bpp1virus was also abundant in 533 Similarly, genera variation that could explain the dissimilarity observed in the local 538 NC1 community during November 2016 ( Figure 2B) were, for example, D3virus 539 (0.25% vs. 0.45-0.69%), M12virus (0.23% vs. 0.52-0.59%), Prtbvirus (0.61% vs. 540 0.82-0.91%) and Xp10virus (0.36% vs 0.72-0.85%). 541 542 Virotype dominance within local groundwater viral communities was investigated 543 ( Figure 4B ). Pelagiphages have been described as the most abundant type of 544 viruses across oceans and even the biosphere (Zhao et al., 2013) . Pelagiphages 545 were highly abundant in groundwater from this study, especially in 'NC' (1.96-2.26%), 546 C2 (1.93%), C3 (2.24%), NC2 (2.00%) and NC3 (2.36%) viral communities. In 547 21 groundwater form the C1 sampling station, Pelagiphages weren't as abundant 548 however (0.92%-1.25%). Four Pelagiphages virotypes were found. Particularly, the 549
Pelagibacter phage HTVC010P was highly abundant in 'NC', C2 and C3 550 communities, (1.43-1.67%). The Pelagibacter phage HTVC010P represented 0.74-551 0.90% of virotypes found over the year in C1. 552 553 Abundant virotypes found in groundwater samples from the C1 sampling station 554 include the Rhizobium phage 16-3 (0.88-1.65%), Bacillus virus G (1.28-1.73%), 555
Bordetella virus BBP1 (0.50-1.25%), Cellulophaga phage phi14:2 (0.58-1.32%), 556
Thermoanaerobacterium phage THSA-485A (1.01-1.37%), Paenibacillus phage PG1 557 (0.96-1.74%) and Geobacillus virus E3 (0.83-1.29%). The increase of Bordetella 558 virus BBP1 and Rhizobium phage 16-3 virotypes during Aug 2016 could also help 559 explain its dissimilarity to C1 communities, along with the genera afore mentioned. 560
The decrease of Cellulophaga phage phi14:2, Paenibacillus phage PG1, Geobacillus 561 virus E3 virotypes during this time of the year could also be responsible for this. In 562 NC1 sample groups, prominent virotypes observed included the Bordetella virus 563 BBP1(0.93-1.37%), Myxococcus phage Mx8 (1.75-1.92%), Rhodoferax phage 564 P26218 (2.02-2.54%), Azospirillum phage Cd (0.47-1.21%), Caulobacter phage 565
CcrColossus (1.28-1.75%), Rhizobium phage 16-3 (0.91-2.04%), Sinorhizobium 566 phage phiLM21 (0.69-1.38%) and Synechococcus phage S-CBS3 (1.01-1.28%). 567
Here, the marked decrease of Azospirillum phage Cd, Sinorhizobium phage phiLM21 568
and Rhizobium phage 16-3 virotypes during November 2016 could contribute to the 569 dissimilarity of this population when compared to other NC1 communities sampled 570 over the year. Most of the virotypes found in high abundance in C1 and NC1 were 571 also present in high abundance in C2, C3, NC2 and NC3 viral communities (Figure  572 4B). C2, however, additionally revealed a high abundance of the Ralstonia phage 573 RSK1 (1.32%). Examples of other abundant virotypes found across the site include 574
the Vibrio phage VvAW1, Pseudomonas phage AF and Xanthomonas citri phage 575 22 CP2 (0.38%-0.92% and 0.36%-0.80%, respectively). The Lough Neagh virome 576 sequenced by our group (Skvortsov et al., 2016) revealed the high abundance of not 577 only the Pelagibacter phage HTVC010P, but also the Bordetella virus BBP1, 578
Myxococcus phage Mx8, Rhizobium phage 16-3 and Vibrio phage VvAW1 virotypes 579 found here (Skvortsov et al., 2016) . This present study sheds light into the 580 abundance of these five virotypes not only in above ground freshwater but also in 581 groundwater microbial communities. 582 583 Rhodoferax, Rhizobium, Caulobacter, Ralstonia, Pseudomonas, Xanthomonas and 584 Thermoanaerobacterium bacterial species have been associated with the 585 biodegradation of aromatic hydrocarbons (Aburto and Peimbert, 2011; Chatterjee 586 and Bourquin, 1987; Latha and Mahadevan, 1997; Manickam et al., 2018; Marozava 587 et al., 2018; Ryan et al., 2007; Wald et al., 2015) and the degrader families 588
Comamonadaceae
( Rhodoferax), Thermoanaerobacteraceae 589 (Thermoanaerobacterium), Caulobacteraceae (Caulobacter), Rhodospirillaceae 590 (Azospirillum) and Pseudomonodaceae (Ralstonia, Pseudomonas) were abundant at 591 the site employed in this of study (see above). The abundance of virotypes infecting 592 bacteria of these families suggests the possible on-site occurrence of bacteriophages 593 with putative sways on natural attenuation processes and biodegradation strategies 594 by disturbing the diversity and abundance of these defined bacterial degrader host 595 populations. 596 597 598
Viral-Bacterial Associations 599 600
A range of 3120-10288 viral contigs (VCs) from sequenced viromes were used to 601 identify bacteriophage host populations at the site of study. Four different 602 computational methodologies were used. Using CRISPR Spacer homology, 17-42 603 23 (median x̃ = 23) VCs were assigned hosts and, similarly, using tRNA homology 8-26 604 (x̃ = 12) VCs were assigned hosts; using whole-contig homology against BGs from 605 the RefSeq database, 1-21 (x̃ = 3) VCs had hosts assigned (Supplementary Table  606 B.4). Because the RefSeq database is biased towards cultured organisms and 607 because microbial communities from groundwater ecosystems have been marginally 608 explored (Griebler and Lueders, 2009), total metagenomes from the site were 609 sequenced and whole-contig homology against BCs was performed. Using this 610 method, we were able to assigne hosts to 296-1948 VCs (x̃ = 1627) across datasets, 611 finding putative hosts for 5.47-52.58% (x̃ = 27.0%) of VCs across samples. Other 612 techniques assigned hosts for only 0.01-1.2% of VCs (x̃ =0.25%). Hence, BC 613 homology data was used for description of broad host population structure dynamics 614 at the site, and CRISPR Spacer homology and BG homology data was used for 615 description of low level interactions and identification of viral generalists at the site, 616 due to their higher fidelity of host species assignment (Edwards et al., 2016) . 617 618
Host Community Structures 619 620
Inference of the host population structure at the site revealed Actinobacteria, Bacilli, 621
Bacteroidia, Clostridia, Planctomycetia, Flavobacteriia and Proteobacteria classes as 622 the most abundant for hosts of temperate phages (BC homology) ( Figure 5A ). For C1 623 samples, Clostridia was the most abundant host class found for VCs (23.03-26.67%), 624 followed by Bacilli (12.76-13.22%), Bacteroidia (5.71-9.19%) and Deltaproteobacteria 625 (8.63-10.53%). During August 2016, C1 prophage host populations were noticeably 626 underrepresented by in other time points). 627
Instead, Betaproteobacteria hosts were more abundant (6.59% vs. 2.90-4.15% in 628 other time points). C2 host populations were likewise best represented by Clostridia 629 (34.85%), Bacilli (12.76%), Bacteroidia (7.52%), Betaproteobacteria (7.74%) and 630 Deltaproteobacteria (7.74%) members. NC1 and NC3 host populations were most 631 24 abundant in 24.44%), 20%) , 23.70%) and 633 Actinobacteria (9.49-10.57%; 24.44%). C3 and NC2 host populations were not only 634 well represented by Betaproteobacteria (15.71%; 15.17%), Gammaproteobacteria 635 (11.18%; 11.24%) and Alphaproteobacteria (15.11%; 19.10%) members, but also by 636
Deltaproteobacteria members (19.10%; 23.56%). Other classes, such as 637
Planctomycetia and Flavobacteriia were also somewhat abundant amongst lysogenic 638 bacteria host populations (0.46-5.95% and 0.91-3.30%, respectively) despite families 639 of these classes not being amongst the most abundant at the site (Figure 2) . 640
Planctomycetia represent a class of bacteria commonly found in freshwater (Fuerst 641 and Sagulenko, 2011) and Flavobacteriia members have been associated with the 642 degradation of PAHs (Juhasz and Naidu, 2000; Kappell et al., 2014; Trzesicka-643 Mlynarz and Ward, 1995) . By targeting Proteobacteria and Flavobacteriia members, 644 bacteriophages could impact biodegradation rates at the site during cell lysis and 645 viral particle release. Other classes of degraders found amongst putative prophage 646 hosts at the site include, for example, the Anaerolineae class, although a relatively 647 low VC assignment was observed (0.37%-1.77%). Overall, shifts in prophage host 648 populations described here are explained by the dissimilarities observed in bacterial 649 and viral communities reported earlier ( Figure 2) . 650
651
The dynamics of putative bacteriophage-host interactions at the site was investigated 652 ( Figure 5B ). Host sequences (BCs) assigned to viruses of the C1 sample group were 653 most found within C1 microbial communities themselves (13.29-25.05%), totaling 654 95.84-96.94% of all matches. Matches to other communities represented only 3.46-655 4.97% of all assignments for C1. In the NC1 sample group, most host sequences 656
were also within the same microbial communities (9.29-42.74%), totaling 96.96-657 98.06% of assignments. BCs of other communities accounted only for 1.95-2.92% of 658 NC1 BC assignments. This suggests the occurrence of well-defined ecological 659 25 niches at the site. Particularly, the C1 location represents a well-defined ecological 660 niche near the centre of the contaminant plume. 661 662 Similar to C1 and NC1, most of the host sequences identified for the C3 and NC2 663 viral communities were found at C3 and NC2 sampling stations (72.98% and 69.78%, 664 respectively). This indicated that upstream the plume centre (C3 location) a 665 somewhat defined ecological niche, distinct from C1, was also found. Downstream 666 the plume centre (C2 location), however, host sequences found originated not only 667 within-community (22.33%) but also from the C1 sampling station (9.5-12.52% 668 across C1 time points). The same was true for the viral communities of NC3, where 669 only 35.85% of assigned BCs were found in NC3's own microbial community. Here, 670 up to 11.15% of NC3 hits were found at C3, NC2, and across NC1 samples. These 671 results could be a reflection of dynamic groundwater flow and/or dynamic 672 groundwater mixing at the site, where some bacteriophages may be found across 673 locations but bacterial hosts may not be able to adapt and prosper in new 674 environmental conditions. The evidence for possible dynamic groundwater flows at 675 the site of study could further justify the variance observed at C1 during August 2016, 676 particularly if changes to the water table occurred. 677 678
Broad Host Range Interactions 679 680
Host-bacteriophage assignments were discriminated at bacterial species level, 681 and interactions between VCs and putative host species across the site were 682 projected ( Figure 6 ). Thirty-six unique viral generalists, i.e. viruses infecting more 683 than one bacterial species, were found and their hosts were described (Table 1) . 684
Seventeen generalists were described by CRISPR spacer homology, 17 by BG 685 homology and two by both methods. Seventeen generalists were classified as 686 multi-species generalists and nineteen were classified as multi-genera 687 26 generalists due to putatively infecting species from different genera (and above). 688
Contig size ranged from 2531 bp to 78895 bp (x̃ = 5541) (Supplementary Table  689 B.5). When possible, generalists were classified as Podoviridae (one/36), 690
Myoviridae (two/36), Siphoviridae (8/36) and Caudovirales (11/36) members 691 using CAT (Cambuy et al., 2016) . 692 693 A total of 11 generalists described here were found to putatively infect members 694 of the Pseudomonas genus (Table 1) BGW-G23 and BGW-G32 generalists were also represented by a large array of 708 hosts ranging 20 and 23 different taxonomic assignments across the 709 Acinetobacter genus. Contigs of both BGW-G23 and BGW-G32 represented 710 complete circular phage genomes ( Supplementary Table B .5). BGW-G23 was 711 particularly abundant in groundwater at the C2 sampling station, with 21,413 712 counts per million reads assigned. Other generalists at the site were only 713
represented by up to 1,086 counts per million reads in groundwater across the 714 site (Supplementary Figure B.3) . The occurrence of putative generalists such as BGW-G9, BGW-G23 and BGW-717 G32 could have a marked impact in natural attenuation processes and 718 implementation of bioremediation strategies at the site of study, as they are 719 putatively able to singularly infect and modulate populations of several species 720 with biodegradative capacity, i.e. Pseudomonas sp., Polycyclovorans algicola 721
and Acinetobacter sp. (Gutierrez et al., 2013; Simarro et al., 2013; Wald et al., 722 2015) . 723 724 Bacteria, with (strain-level) relatives able of biodegradation, that could also be 725 affected by viral generalists found here include, for example, 726 (Burback and Perry, 1993; Chatterjee and 732 Bourquin, 1987; Manickam et al., 2007; Mattes et al., 2010; Palleroni et al., 2004; 733 Ping et al., 2017; Poi et al., 2018; Revathy et al., 2015; Simarro et al., 2013) . 734
Thermoanaerobacteraceae, Comamonadaceae, Porphyromonadaceae, 735
Caulobacteraceae and Pseudomonadaceae members were particularly abundant 736 at the site of study ( Figure 3) and their putative natural attenuation processes 737 could be particularly impacted by some of the viral generalists described here. 738 Furthermore, while putatively contributing to a wider decline in degrader's 739 biomass, viral generalists found here could also have a wider role in the viral 740 shunt of microbial communities (Weinbauer and Rassoulzadegan, 2004) . 741 742 743 28
Conclusion 744 745
By conducting a yearlong metagenomic study on viruses and bacteria of groundwater 746 from an old gasworks site, we were able to observe that community changes were 747 greater across the site than over time at the same sampling station. We hypothesize 748 that this could be due to the known differences in pH, and to a lesser degree, 749 contaminants at the site. Non-surprisingly, we observed that viral communities at the 750 site mirrored the diversity of the bacterial communities sampled. Hydrocarbon degraders 751 were abundant within sampled microbial communities and virotypes of predators of 752 bacterial degraders were also found. By further studying viral-bacterial interactions 753 occurring at site we were able to pinpoint host populations and also describe where 754 discrete host-phage interactions were taking place. A number of viral generalists with 755 putative impact in biodegradation processes were also found. Overall, findings reported 756 here support the employment of phage research during the development of 757 bioremediation strategies. 758
759
In this study, we shed a new light not only on the putative impact of local bacteriophage 760 communities in natural attenuation and bioremediation processes but also onto the viral 761 community structures of an environment not addressed before. 
